Rice (Oriza sativa) feeds nearly half of the world's population. Regional and national studies in Asia suggest that rice production will suffer under climate change, but researchers conducted few studies for other parts of the world. This research identifies suitable areas for cultivating irrigated rice in Colombia under current climates and for the 2050s, according to the Representative Concentration Pathway (RCP) 8.5 scenario. The methodology uses known locations of the crop, environmental variables, and maximum entropy and probabilistic methods to develop niche-based models for estimating the potential geographic distribution of irrigated rice. Results indicate that future climate change in Colombia could reduce the area that is suitable for rice production by 60%, from 4.4 to 1.8 million hectares. Low-lying rice production regions could be the most susceptible to changing environmental conditions, while mid-altitude valleys could see improvements in rice-growing conditions. In contrast to a country like China where rice production can move to higher latitudes, rice adaptation in tropical Colombia will favor higher elevations. These results suggest adaptation strategies for the Colombian rice sector. Farmers can adopt climate-resilient varieties or change water and agronomic management practices, or both. Other farmers may consider abandoning rice production for some other crop or activity.
. One hundred thirteen countries produce substantial amounts of rice. Twenty-six countries in Latin American and the Caribbean (LAC) produce 24 million tons of rice on 5.9 million hectares, equivalent to 4% of world production (FAOSTAT 2004; Sanint 2010) .
Experts anticipate that climate change will have large impacts on rice and other crops. The most recent report of the Intergovernmental Panel on Climate Change (IPCC) suggests average global crop productivity will likely decline between 1 and 2.5%/°C of warming (Porter et al. 2014; Challinor et al. 2014) . At the global scale, Zabel et al. (2014) identified the climate change impact on geographic distribution for several crops, including rice. They projected that an area of 6.4 million square kilometers would become unsuitable for agricultural production, and another 4.8 million square kilometers would become marginally suitable for global agriculture, if adaptation measures are not widely adopted. At regional scale, David Lobell et al. (2008) projected 10% yield reductions in rice in the Andean region in their study of climatic risk for seven crops in 12 regions of the world. Based on the ORYZA crop model, Matthews et al. (1997) projected yield reductions as high as 31% in Asia under a scenario where temperatures increase by 4°C temperature.
At national scales, studies of rice and climate change have almost exclusively focused on Asian countries. Three studies have assessed the impact of climate change on rice in China. Zhang et al. (2017) simulated the migration of rice and maize planting areas in China by analyzing movement of the geographic mean of rice production under current and future climate scenarios. They project the suitable areas for rice and maize to shift northward in the future, while the area suitable for irrigated cultivation will gradually increase, mainly in northwestern and northern China. Ye et al. (2015) explored the influence of climate change on suitable rice cropping areas, rice cropping systems and crop water requirements during the growing season for historical and future (2011-2100) time periods in China. Their results showed that the land areas suitable for rice cropping systems shifted northward and westward from 1951 to 2010. Yao et al. (2007) estimates large rice yield reductions in China, based on the CERES crop model.
Paul Teng et al. (2016) estimated rice yield reductions of 23%, 32%, and 33% in Vietnam, Thailand, and India, respectively. In one study of India, Auffhammer et al. (2012) show that climate change has already affected millions of rice producers and consumers and will continue to do so in the future. Only one study estimated that there would be yield increases for irrigated rice in India in the future (Aggarwal and Mall 2002) . Reilly et al. (2003) estimate large yield reductions in the southernmost riceproducing regions of the USA.
The review of studies above shows the lack of research on the impacts of climate change on rice in Latin America. Colombia lacks a study of this type, despite the importance of rice in the diet and expectations for significant climate change. This study-the first analysis of its type for a Latin American country-fills a gap in research on climate change by analyzing expected impact on rice production in Colombia. Colombian farmers cultivated 570,802 ha of rice in 2016, producing 5.7 million tons. Current production represents an increase compared to the previous two rice censuses, when national production was 2.8 million tons on 493,237 ha in 1999 and 2.5 million tons on 400,451 ha in 2007 (FEDEARROZ 2008; FEDEARROZ 2016) . Average yields rose from 5.7 tons ha −1 in 1999 to 6.2 tons ha −1 in 2007, falling back to 5.7 tons ha −1 in 2016 (FEDEARROZ 2008; FEDEARROZ 2016) . Nevertheless, Colombia remains among the Latin American countries with the lowest yields, lower than countries such as Peru (7.3 tons ha −1 ) and Uruguay (7.1 tons ha −1 ), among others (GRISP 2013) . Low yields and increases in per capita rice consumption led Colombia to import rice from countries such as Ecuador, Peru, and the USA (DANE 2015; Pulver et al. 2008; Espinal et al. 2005; Tilman and Clark 2014) . The increasing dependence on rice imports poses important challenges to Colombian food security, particularly in the context of climate variability and climate change (Porter et al. 2014; GFS 2015) .
Concerns about food security in Colombia raise the question of how climate change might affect national rice production into the future. Future rice production in the country will be determined by where the crop can be grown and by productivity at any given place. However, the government and private sector lack information on projected climate change impacts, limiting their ability to adapt. Existing studies consider the impacts of climate change on rice and other crops at global or regional level. But these studies lack the spatial resolution needed to assess conditions within a climatically diverse country such as Colombia (Zabel et al. 2014; Ramankutty et al. 2002; Lane and Jarvis 2007) . Global and regional studies also suffer from lack of detail with respect to national level databases on crop distribution and crop response to climate. The two national studies in China mentioned above occur where production can move to higher latitudes. Colombian rice production can move to higher altitudes but not to latitudes outside of the tropical zone.
This paper estimates the impact of climate change on irrigated rice distribution in Colombia. The study asks where irrigated rice crops will be grown (shifts in geographic areas) in the future. Our method maps and compares the current and expected future (2040-2069) rice suitability. The study projects future climatic conditions for rice to understand suitability for any given area in the future. This research is the first detailed study on rice with national coverage for Colombia. While our analysis and recommendations are specific to rice at Colombia, the concept and methodology are relevant and applicable to other crops in other regions. Our methodological approach shows how to explore the need for adaptation where planning requires a national or local response to rural development under climate change.
The following section describes Colombia's major rice-growing regions and production systems, the relevant variables considered in the analysis and the development of habitat suitability models. Next, the results section shows modeled outcomes for the current period and in the future. The analysis explores variable-specific response curves to infer how rice responds to key environmental changes. These results are discussed in the context of adaptation needs in the rice sector and potential strategies for adapting to changing climate. We also present results of models based on climate variables alone, and those based on added socioeconomic variables. This comparison allows us to evaluate whether socioeconomic variables influence the spatial distribution of rice in Colombia. If so, then future projections based on biophysical variables alone may neglect farmer's ability to shift production. Finally, the paper discusses needs for improved methods and for future research on climate change impacts and adaptation.
Materials and methods

Study area
The study area coincides with rice regions of Colombia according to the National Rice Federation's (FEDEARROZ for its abbreviation in Spanish) 2007 rice census (FEDEARROZ 2008) . FEDEARROZ defines the five major rice regions as the Eastern Plains, Fig. 1 The five rice regions of Colombia-Lower Cauca, Santander region, North Coast, Eastern Plains, and Center region-and the location of presence data used for modeling irrigated rice (black triangles). Also shown are protected areas (RUNAP), nature reserves (RNSC), and national parks (PNN) the Central Region, the North Coast, the Santander region, and the Lower Cauca ( Fig. 1 ; Appendix Table 4 shows the names of Colombian departments in each region). The modeling work excluded national parks, national protected areas and private nature reserves.
Presence and absence data used for modeling
The analysis employs a database of 359 locations of irrigated rice on farms, from a 2014 FEDEARROZ phytosanitary monitoring exercise across the five rice regions of Colombia (Fig. 1) . The presence points were overlaid on a map of the rice regions and validated using Street View photos in Google Earth. The method eliminated all points within 1 km of each other in order to reduce spatial autocorrelation. The analysis developed a randomly generated dataset of pseudo-absence locations to characterize the "background" environment of the study area. These are places where the model assumes there is no rice, providing a point of comparison with known locations of the crop. A ratio of 10 to 1 of pseudo-absence locations to presence locations was used to reduce excess adjustment bias (over-fitting) and to maintain the capacity to discriminate between areas of presence and absence (Barbet-Massin et al. 2012; Smith et al. 2013 ).
Environmental data
Our study selected variables for inferring suitability based on literature review and consultation with experts (Table 1) . The WorldClim dataset provided the basis for including a range of climatic variables in the analysis (Hijmans et al. 2005 , current climate data available from http://www.worldclim.org). WorldClim is a collection of raster datasets reporting monthly climatic averages for the period 1950 to 2000 for total precipitation and for maximum, minimum, and mean temperature. Meteorological station data forms the basis of WorldClim climate surfaces, developed using the surface thin plate spline method, with elevation, longitude, and latitude as co-variables. These variables describe climatological mean temperature and precipitation characteristics over 12 months of the year. Other studies found these variables to be useful for characterizing the geographic distribution of species in natural (Warren et al. 2013) and managed systems (Laderach et al. 2017) . From these monthly climate surfaces, the WorldClim data set includes 19 bioclimatic variables (Table 1 ). The Climate Change and Agricultural Food Security (CCAFS) website provided future bioclimatic data downscaled from IPCC general circulation models (GCM) from the fifth report of the IPCC (IPCC 2013, future climate projections available from http://www.ccafs-climate.org/data_spatial_downscaling/).
The method derives elevation and slope variables from the Shuttle Radar Topography Mission (SRTM) data at 90 m resolution (Jarvis et al. 2004) . The elevation and slope data were resampled to 1 km spatial resolution for consistency with WorldClim and soil grids. The International Soil Reference and Information Center (ISRIC) provides soil texture information in raster format, also at 30 arc sec spatial resolution (available from http://www.soilgrids.org; Hengl et al. 2014) . These data include percentage content of clay, silt, and sand at depth. The analysis applied 28 variables compiled from the datasets described above, of which 23 describe climatic conditions. Nineteen variables describe the standard bioclimatic indices from WorldClim, and four correspond to accumulated precipitation and average temperatures during the rice-growing seasons (April-June and August-October).
The analysis used downscaled general circulation model (GCM) data from the CMIP5 ensemble (Appendix Fig. 9 ). The method employs downscaled monthly climate data for 32 GCMs, representing the period 2040-2069 (i.e., 2050s) for the Representative Concentration Pathways (RCP) 8.5 scenario (Taylor et al. 2012) . The RCP 8.5 scenario is the closest to our current emission trajectory, providing the worst-case scenario where adaptation effort (our interest in this study) is likely to be significant compared to mitigation (O'Neil et al. 2014) . The approach required downscaling GCM data using the delta method, widely used in climate change impact studies to correct for biases in the climatological averages (Ramirez-Villegas and Jarvis 2010; Hawkins et al. 2013) . The delta method consists of first computing the projected changes in monthly means of temperature and total precipitation in the 2050s with respect to the historical period for the GCM data (the "deltas"). Next, we added these downscaled GCM projections to the WorldClim high-resolution data (also see RamirezVillegas and Jarvis 2010). Altogether, the analysis developed the same 19 bioclimatic and four modal variables at 1 km spatial resolution for both present and future monthly climate.
Socio economic data
The study included three variables-accessibility, population density and rice production-that in some respect account for the socioeconomic characteristics of the population. The inclusion of Variables used in modeling are written in italic a This column contains references to sources of information that emphasize the importance of these variables for rice production these variables tests the degree to which socioeconomic characteristics explain the distribution of irrigated rice, or whether population is intrinsically related to environmental variables. For example, climate and topography may influence population density because people rarely settle in areas with extreme temperatures or topography. Therefore, the analysis included socioeconomic variables to understand their impact on the current distribution of rice suitability. Future suitability modeling excluded socioeconomic variables, which are difficult to project into the future and beyond the scope of this study. The three socioeconomic variables are described below:
1. Accessibility. This map layer shows the estimated travel time in minutes to settlements with populations of 50,000 people. Irrigated rice development is more likely where farmers have good access to markets and services that support their operations (Nelson 2008; CIESIN 2016) . 2. Population density. This map layer shows population density in people per square kilometer from the Global Rural-Urban Mapping Project (GRUMP) available at the Socioeconomic Data and Application Center (SEDAC) (CIESIN 2016) . The data set incorporates population change information from the History Database of the Global Environment (HYDE) (Goldewijk et al. 2010 ), adjusting population totals to the UN World Population Prospects estimates of each country (CIESIN 2016) . The year 2000 data corresponds with the period of the bioclimatic data. 3. Rice production. This raster map indicates crop production data at the second-order administrative level, which in this case are Colombian municipalities. A global crop production grid forms the basis for the data, available from the Earth Stat website ; http://www.earthstat.org/data-download).
Maxent suitability modeling
The analysis employed the Maxent model to estimate the spatial distribution of rice in Colombia under a range of different environmental conditions (Phillips et al. 2006) . Maxent derives suitability values from a probability distribution based on known locations and the environmental conditions at these locations. The probability distribution respects a set of restrictions derived from the presence data expressed as Maxent function terms of the environmental variables (Phillips and Dudík 2008; Merow et al. 2013 ). Other studies show that Maxent performs well in finding optimal species distribution based on limited presence data. The model also compares favorably to other models that also use presence-only data, such as GARP, Bioclim, and Domain (Hernandez et al. 2006; Stockwell and Peters 1999; Busby 1991; Carpenter et al. 1993) . Routines for statistical analysis are openly available for replication of this study or for adaptation to other study areas (https://github.com/fabiolexcastro/Rice_ClimateChange). Our research effort developed a potential distribution model executed in five steps, following the studies of Ramirez-Villegas et al. (2014) and Bunn et al. (2014): 1. The first step was to select those variables that were most suitable for modeling. Most ecological niche modeling methods, including the Maxent model, are sensitive to the number of variables used (Braunish et al. 2013; Dorman 2007) . The use of a large number of correlated prediction variables in Maxent can lead to over-fitting and therefore bias the results (Warren and Seifert 2011) . In order to reduce this potential bias, variance inflation factors (VIF) were computed adjusting multiple linear regression models using each predictor as a response and the rest as explanatory variables (Marquardt 1970) . The method eliminates only those variables with a VIF above 10. Next, a first Maxent model run used only those variables that contributed more than 2% to the explanation of crop distribution. Variable contribution was evaluated as a function of how they are distributed across training and testing sites. 2. In the second step, the training routine used only the most important variables identified in the previous step and only under the present climate. In this step, the method implements model evaluation by using a cross-validation procedure with 25 model iterations, comparing training data making up 75% of locations with test data corresponding to 25% of locations (Warren et al. 2013; Ramirez-Villegas et al. 2014) . For each iteration, the analysis employed the area under the receiving operating characteristic curve (AUC), which can be interpreted as a measure of the models' capacity to discriminate between presences and absences (Hernandez et al. 2006) . Values of AUC less than 0.7 indicate poor models, while those between 0.7 and 0.9 and above 0.9 are moderately useful and exceptional respectively (López 2014) . The analysis employed another evaluation measure, the maximum Cohen's kappa index (Congalton and Green 2009) , evaluating the agreement between observed and modeled data for 25 models. 3. The third step was to estimate model uncertainty. We determined the degree of agreement for 25 distinct models evaluated by cross validation, differentiated by changing the input data and the validation data for each model. We also calculated standard deviation to examine the distribution of the results around the mean, as well as the coefficient of variation to evaluate the degree of homogeneity between variables. 4. The fourth step required future projection processing with each of the 32 downscaled GCM projections for the 2040-2069 under the RCP 8.5 scenario (Appendix Fig. 9 ; Taylor et al. 2012 ). 5. The final step was to develop alternative models for evaluating the influence of socioeconomic variables on present-day rice distribution. This comparison allows us to consider the importance of socioeconomic variables versus biophysical variables alone to the current rice distribution. If models with socioeconomic variables are substantially different from those with biophysical variables, then future projections of rice distribution based on biophysical variables alone would be inappropriate. The first of these alternative models included the socioeconomic variables accessibility, population density, and rice production. The second model used climatic variables only. Our evaluation of the two models allows us to understand how inclusion of socioeconomic variables affects the suitability map.
Determining suitability areas
This study defined areas as suitable or unsuitable for rice cultivation in Colombia in order to compare current conditions with future climate. Toward that aim, we defined a probability threshold that discriminates areas of rice presence or absence. Several methods can be used to make this determination (Liu et al. 2013) . This study used a probability threshold based on the maximum test sensitivity plus specificity logistic threshold, suggested by Liu et al. (2013) . The threshold maximizes the sum of sensitivity and specificity, which in other words maximizes the number of true negatives and true positives simulated by the model. This statistic, also known as the Youden index, maximizes the true skill statistic, the most widely accepted measure of precision in presence and absence data (Liu et al. 2013) . Additionally, the method compares the average suitability by municipality to reported harvested area from the rice census. A positive and statistically significant relationship between these two values shows their relationship.
Response profiles
Relationships between environmental conditions and the probability of the presence of a crop are generally complicated and nonlinear (Zabel et al. 2014) . Our method evaluated a variable's individual contribution to present and future climate suitability to better understand this complexity. Response profiles were constructed for individual variables by holding all others constant (Lek et al. 1996) . The method consists of constructing five matrices for each variable of interest. The matrices organize the data into five quintiles-the minimum values, those in the second quintile, median values, those in the fourth quintile, and maximum values. In each matrix, the value of the variable of interest is divided by the number of equally sized intervals in the analysis. All other variables in the matrix are held constant. Each matrix is then used as input to run the Maxent model again, deriving suitability values for each one. The median suitability of the five matrices of each individual variable is then derived for comparison to the overall rice suitability model. We repeated the process for each variable in the analysis. The derived data allows us to construct a curve that shows the relationship between the suitability of each of the individual variables and suitability for the rice crop overall.
Results
Model structure and performance
Eight variables made a substantial contribution to a model of present climate conditions. The analysis reduces an initial set of 28 variables to 11 based on VIF values below 10. We eliminated precipitation in the driest quarter, percent silt in the soil and precipitation of the wettest month because they contributed little to the model (< 5%). Three of the eight remaining variables explained a substantial part of the distribution-accumulated precipitation during the months of August, September, and October (31%), followed by annual range of temperature (26%) and then by average temperature during the wettest quarter (12.4%). Two variables accounted for low yet important levels of variance-precipitation of the driest month (8.6%) and precipitation of the coldest quarter (8.3%). The variables that contributed the least to the model included temperature seasonality (standard deviation of median temperature for 12 months of the year, 4.4%), terrain slope (4.7%), and clay content in the soil (4.9%).
The model performed well in general. The mean value of AUC of the 25 iterations for cross validation was 0.930, with a range of 0.924 to 0.937 (s.d. = 0.00098), for the training data. For the test data, the AUC was 0.912, with a range of 0.821 to 0.960 (s.d. = 0.034). The variability of AUC was low, especially for the training data, suggesting the model results are stable. The difference between the average of AUC for the test data was also very small (~2%), implying that over-fitting in the model is unlikely (Warren and Seifert 2011) . Compared to the reference value of 30.1 suggested by Liu et al. (2013) , the resulting average index measure of 0.79 shows that the model is skillful in discriminating rice presences from the background. Figure 2 shows model uncertainty according to the coefficient of variation for 25 distinct models under present climate conditions. Those areas under current cultivation show lower levels of uncertainty, indicating that the model had a high degree of agreement in the suitable areas. Model uncertainty was also low in the Cauca and Patia River valleys, areas judged to be suitable but with low cultivation of rice today. The model showed areas with the highest uncertainty in mountain landscapes, including the major Cordilleras extending from north to south in Colombia. These latter areas lack rice cultivation because of inadequate edaphic and climatological conditions.
Uncertainty in model results
Modeling with socioeconomic variables and climate only
Model results differed between models that used (1) climate, soil, and slope variables; (2) a model that included climatic variables, soil, slope, population density, accessibility, and rice production; and (3) a model with climate variables only (Fig. 3) . Eighty-two percent of the study area showed differences of less than 10% between the model that used biophysical variables only and the model that included socieconomic variables. Sixteen percent of the study area showed suitability variables that were more than 10% less suitable when socioeconomic variables were included, principally located in the eastern part of the country. These areas in the Amazon and Orinoco regions are extreme in their lack of accessibility and low population density. Two percent of the study area showed increases in suitability of more than 10% when socioeconomic variable were included. This difference occurred around two of the most important and largest cities in the Orinoco region of Eastern Colombia, Villavicencio and Yopal. The higher suitability in these areas may reflect the high settlement and infrastructure characteristics around these two urban areas. The results showed few differences between the model with all biophysical variables and the climate-alone model (Fig. 3b) , indicating that the climate variables drive the differences in suitability. Fig. 3 Percentage differences between a original model using climate soil and slope variables versus the same variables plus accessibility, population density, and rice production and the b original model using climate, soil, and slope variables versus a model that used only climate variables
Bioclimatic data ranges and projected change in the future
The analysis showed a wide range of bioclimatic conditions in Colombia. Temperature seasonality for the presence data varied from 24°to 97°on a scale of 0 to 100. Annual temperature ranged from 0.95°and 1.5°. Values of temperature of the wettest quarter varied between 1.4°and 2.8°C. Precipitation during the driest month varied between 2 and 131 mm, while values of precipitation during the coldest month ranged between 138 and 1472 mm. Finally, rainfall during August and September ranged between 207 and 1241 mm.
Differences in individual climate variables reveals projected changes between present and future climate in each rice region of Colombia (Table 2 ). Of these climate variables, the precipitation of the coldest quarter showed a substantial difference, with precipitation during these 3 months projected to rise by 217 mm in the Santanderes region, followed by the Central Zone rice-growing region where precipitation is expected to rise by 123 mm. The model projected the greatest temperature increases in the rainy season to take place in the Santanderes region, followed by the Eastern Plains, the Central Zone, and the Lower Cauca rice-growing regions.
Rice production in Colombia
Colombia produces nearly 1 million tons of irrigated rice according to the most recent census (FEDEARROZ 2017; see Table 3 ). Production in the Central Zone contributes over 60% of the cultivated area of irrigated rice in Colombia, about 580,000 tons cultivated on more than 75,000 ha. The second most important region in terms of area is the Eastern Plains, accounting for about 20% of irrigated rice in Colombia. The Santanderes and North Coast zones cultivate 15 and 10% respectively of the total irrigated rice area, while the lower Cauca Valley is responsible for only 3% of national production.
Current and future suitability of irrigated rice
A key result of this study was the prediction of areas suitable for irrigated rice under current and future climate (Fig. 4a, b) . The model predicts the most suitable areas for rice cultivation in Colombia under the current climate (Fig. 4a) , where scores above 30% are suitable and those below 30% are unsuitable. The Maxent model estimates that 4.4 million hectares in Colombia are currently suitable for irrigated rice cultivation. As expected, the model projected that two of Colombia's inter-Andean valleys are the most suitable for irrigated rice production. The model projects more than 1 million suitable hectares in the Magdalena River Valley, at 500 m above sea level in the Central Zone region. A second region that stands out comprises the Rio Cauca and Rio Patia valleys, at 1000 and 800 m above sea level respectively with 500,000 suitable hectares. Farmers cultivate very little rice in these latter two valleys, despite their high suitability for irrigated rice production. In contrast, farmers in the Eastern Plains region cultivate irrigated rice at an average elevation of 250 m above sea level under moderately adequate conditions. Another region with suitable areas for rice production, although to a lesser degree, is the Lower Cauca River Valley with approximately 300,000 suitable hectares.
Under future climate, only 1.8 million hectares remain suitable; that is, a reduction of about 60% compared to the current period (Fig. 4a) . Of the 342 sites used as input to the model, 143 sites are suitable for irrigated rice cultivation in the future, while 216 sites are unsuitable. The Table 2 Changes in climate variables by zone, showing the difference between data for the present and projections for the future. Temperature seasonality is expressed as dimensionless change. The two temperature variables (Bio 7 and 8) show the differences in°C. The 3 columns to the right show rainfall differences in mm Bio 4-temperature seasonality Mitigation and Adaptation Strategies for Global Change (2019 Change ( ) 24:1401 Change ( -1430 reduction in the number of sites that are suitable for cultivation under current and future climates amounts to an equivalent 60% reduction, thus confirming the physical area estimate. A significant relationship between suitability and harvested area (ρ = 0.27, p < 0.05) confirms that changes in suitability likely imply changes in harvested areas (Fig. 5 ).
Our future projections for rice in Colombia show large reductions in suitability. For the Eastern Plains, 99% of the suitable area for rice becomes unsuitable, a reduction of more than 1 million hectares to only 9200 ha in the future. In contrast, the Central Zone region is expected to lose only 14% of its suitable area, a reduction from 1,928,000 ha in the present to 1,659,000 ha in the future. Model results suggest that future suitable zones for rice in Colombia will be concentrated principally in the Magdalena, Cauca, and Patia valleys, with an approximate total area of 1.5 million hectares (see Fig. 6a ). The administrative district in Colombia with the greatest suitability in the future is the municipality of Palmira, with no The upper Cauca River valley will continue to be an area with high potential for rice cultivation. The model projects high suitability for four municipalities in the Valle del Cauca Department. Other important zones will be in the Cauca Department, where the model projects 160,000 suitable hectares in eight municipalities (Fig. 6a) . However, rice is currently grown in only in one municipality in the Cauca department, with about 300 ha cultivated (FEDEARROZ 2008) .
The model projects future rice suitability in the Lower Cauca valley, the lower Magdalena River Valley, the Eastern Plains, and the Santanderes (Fig. 6b-e) , although in lesser magnitude compared to the upper Cauca Valley (Fig. 7) . Model results predict future rice suitability in four municipalities of the Lower Cauca valley, comprising 16,200 ha. Farmers in these municipalities today are coffee and banana producers, with no rice production. Also in the North Coast zone, model results predict that two municipalities will have 47,000 ha suitable for rice production. Two municipalities in the Atlántico Department are projected to have 25,800 ha of suitable rice area, one of which has no current rice production. In the Eastern Plains, only two municipalities are projected to have areas suitable for rice, encompassing 9101 ha. Finally, the model predicts 30,600 ha are suitable in the Santanderes region in the future. In that region today, farmers cultivate irrigated rice on 20,034 ha.
Projected changes in suitability vary across the rice-growing regions. Figure 7 illustrates the changes in rice suitability in Colombia by subregion. The model projects high future suitability in all bottomland of the upper Cauca, a region with lower suitability today and less than 2000 ha of current rice production. The model projects future suitability for 9700 suitable ha in the Patia River basin, an area with no rice today. The analysis predicts future rice suitability in the municipality of Ibague, in the Tolima Department, and the upper Magdalena River valley. The model suggests an increase in suitability by 2600 ha above present-day rice production.
Variable profile analysis
Figure 8 displays variable profile response curves for the eight variables considered in the final models (see Section 3.1). These response curves show how suitability changes with changes in the individual variable. They help discern the causes for the suitability changes described in Section 3.3. Irrigated rice suitability varies little overall in the areas of lowest and highest temperature seasonality, calculated as the standard deviation of monthly mean temperatures (Fig. 8a) . Suitability increases as temperature seasonality varies from the lowest to the higher parts of the distribution. The annual range of temperature shows increasing suitability with a higher annual range of temperature, up to a value of 13°C where it then levels off (Fig. 8b) . Rice suitability increases with an associated increase in the mean temperature in the wettest quarter of the year, with slow increases up to 20°C and more rapid increases thereafter, before leveling off at around 29°C (Fig. 8c) . This result likely reflects higher solar radiation impacts on plant growth where temperatures are higher during the rainy season.
Suitability of irrigated rice cultivation increases with increases in precipitation during the driest month of the year and during the coldest quarter of the year. These suitability increases reflect the absence of water stress (i.e., limits to water withdrawals in irrigation districts) and heat stress at these times (Fig. 8d, e) . The relationship is most likely a simple reflection of the positive impact of greater water availability on rice growth. Abundance of precipitation for Fig. 7 Suitability estimates for present and future climates, in hectares for the 10 municipalities with the greatest area irrigated rice generally favors irrigation district water availability, thus improving growing conditions. Suitability and precipitation during the rainy months of August, September, and October varies little below 2000 mm month −1 of rainfall (Fig. 8f) . Above 2000 mm month −1 , Fig. 8 Variable profile curves showing how MaxEnt model suitability values vary with individual factors included in the analysis, including a precipitation of the driest month temperature seasonality, b precipitation of the coldest quarter, c temperature seasonality, d temperature annual range, e mean temperature of wettest quarter, f clay, g topographic slope, and h precipitation during Aug-Sep-Oct suitability rises rapidly, leveling off near 2300 mm month −1 . This relationship reflects the importance of water availability during the rainy season.
Clay content in the soil also drives rice suitability. Clay soils are more fertile because they retain water and nutrients needed for growth (Fig. 8g) . The relationship varies more or less linearly between suitability values of zero and .25, and between clay content values 20 and 40%. Although slope contributes only 4.7% to explaining suitability, areas of higher slope show greater suitability for rice cultivation (Fig. 8h) . This counter-intuitive result may reflect the resolution of the digital slope map, since areas with high slopes concentrate water in valley bottoms that are good sites for irrigated rice cultivation. This source of error may result from the 1-km pixel DEM, which has been resampled from 123 pixels at 90 m resolution in order to achieve consistency in pixel resolution among data layers. There could be large variation in these 123 pixels because Colombia topography in much of the country varies greatly over short distances.
Most of the variables discussed above show a linear relationship to irrigated rice suitability. However, the steepness of the profile curves varies. Of the three variables identified as most important in the Maxent model (Section 3.1), the mean temperature during the wettest quarter has the steepest curve. This result may reflect solar radiation during the rainy season in these regions. A second important variable is precipitation during August, September, and October-the main rice-growing season in Colombia. This latter variable response emphasizes the critical importance of water availability for irrigation during the growing season. The third most important variable is annual range of temperature, showing increases in suitability from 5 to 20% with increase in annual range of temperature.
Discussion
Rice distribution patterns and key environmental changes
The current rice distribution in Colombia reflects environmental and socioeconomic conditions for optimal plant growth and development. The cultivated area and hence production today is below the country's potential. Domestic demand in Colombia remains unsatisfied, requiring rice imports. These circumstances will likely intensify in the future given the projected decreases in rice suitability over the coming decades. The trend can be changed by both using new varieties and management practices adapted to changing environmental conditions or by moving production to regions of the country likely to be more suitable. Nevertheless, the rice sector needs research and development on the most effective cultivars and management practices. Results presented here indicate favorable rice-growing environments of the future will be concentrated in the Patia River Valley and other parts of the upper Cauca basin, as well as the Santa Marta lowlands (North Coast). Areas expected to become less favorable include the upper Magdalena River Valley in the departments of Huila and Tolima (Central Zone), the area adjacent to the Andes Mountains in the Eastern Plains region, the Lower Cauca valley, and the North Coast rice production zones.
The changes in rice suitability may force important changes in livelihoods for different regions in Colombia. For example, rice cultivation expanded to 58,000 ha in the Eastern Plains region of Colombia. Yet, our projections suggest that suitability will decrease from 1.2 million hectares today to only 9000 ha in the future. Pressures from climate change may force growers in this region to adapt to changing circumstances. Targeting rice production to the right areas may be required. In another example, rice growers could face conflicts with sugarcane growers in the upper Cauca Valley, the principal area of projected increases in suitability. Sugar producers already established a foothold on land-use in that region. Indeed, recent estimates shows that rice growers earn 1067 dollars per hectare while sugarcane yields 1168 dollars per hectare (Jaramillo 2017; Jurado 2015) . This profitability difference of 101 dollars per hectare may explain why sugarcane is more prevalent. However, the availability of sugarcane processing facilities is likely to be more important to landowners in deciding to grow sugar cane. Rice growers currently cultivate 1900 ha in the upper Cauca Valley, defying this profitability comparison, and likely due to the presence of one particular rice processing facility that has existed for decades (Lundy 2017) . Land-use in the upper Cauca region would likely be decided by economic rationales that account for the relative merits of producing domestic rice to avoid imports versus sugarcane profitability in both domestic and export markets, including alcoholic beverages and ethanol for fuel. Food security considerations will also be important because of the Colombian government's stated policy to promote food sovereignty, reducing dependence on imports.
Expected changes in the explanatory variables drive projected changes in the spatial pattern of rice suitability ( Fig. 8 and Appendix Fig. 10 ). The model projects accumulated rainfall from August to October to decline in the northern part of the country and in the Eastern Plains (Appendix Fig. 10a ). This reduction matches the areas that are projected to go from suitable under current climate to unsuitable under future climate (Fig. 7, Appendix Fig. 10d ). These regions could benefit from better water management and crop varieties resistant to drought (Kumar et al. 2014 ). In the Central Zone, the model projects rainfall in August, September, and October to increase in the future, maintaining suitability (Fig. 8a) . Where the annual range in temperature is maintained or increases in the upper Cauca and Magdalena valleys, irrigated rice suitability is expected to be maintained in the future (Fig. 8a and Appendix Fig. 9b ). The average temperature in the wettest quarter increases all over the country. Nationally, Colombia could adopt rice varieties tolerant to heat, drawing on international rice improvement efforts (Zhang et al. 2005) . Precipitation of the driest quarter does not have a strong impact in the ricegrowing regions. One exception is the Santanderes region, where precipitation is lower in the driest months and suitability decreases in the future. Precipitation in the coldest quarter overall is reduced, but especially in the north, fitting with the overall national pattern of reductions in suitability (Fig. 4 and Appendix Fig. 10e ). In the Santanderes region, the model projects seasonality to decrease by 5 to 8%, moving from suitable to unsuitable in the future (Fig. 8 and Appendix Fig. 10f) .
Our model results project a future spatial pattern of rice suitability in Colombia that differs substantially from the current pattern. Increases in temperature in the rainy season will likely be a key contributor to changes in suitability for rice production in Colombia. The upper Magdalena and Cauca valleys illustrate how different rice-growing regions will likely respond to temperature increases. The model projects the Magdalena valley, at 500 m above sea level and average temperature of 25°C, to remain suitable for rice production in the future. In contrast, future suitability for rice production increases in the upper Cauca Valley regions of the Patia Valley, northern Cauca Department, and southern Cauca Valley Department. These areas lie at nearly 1000 m above sea level with an average temperature of 23°C. This 2°C difference in temperature between the two valleys appears to be critical for their responses to climate change.
Our results suggest several possible actions to improve rice adaptation in Colombia. Compared to current conditions, there may be less rainfall in the rainy season, suggesting the need for better water management or rice varieties that need less water. The reduction in the annual range of temperature suggests the need for varieties with high yields despite the lack of cooler nighttime temperatures. Colombian farmers will need heat tolerant varieties that mitigate against the general rise in temperatures expected in the future. In some cases, farmers may need to transition out of rice production where changes in varieties or changes in management practices are insufficient to overcome climate change.
Adaptation strategies
Our analysis suggests several different scenarios of adaptation strategies for the future. Farmers should consider three strategies in areas where suitability will decrease in the future. First, farmers can cultivate rice using varieties tolerant to heat or water stress, cultivars that many breeding programs are continuously developing (Fukai and Fischer 2012; Mackill et al. 2012) . Second, farmers in these regions can also change management practices related to irrigation systems and water management, adjusting the practices to micro climatic conditions at a given site. The Colombian Rice Federation developed a technological package called AMTEC (Spanish acronym), referring to massive adoption of rice technology (FEDEARROZ 2012) . Widespread adoption of these practices and technologies could lessen the impact of the drivers of reductions in suitability. The AMTEC measures include adopting site-specific or precision agriculture and a group of techniques to optimize the use of seeds, fertilizers, and agricultural chemicals. Third, farmers may consider planting crops other than rice.
The analysis suggests that farmers should aim for sustainable intensification in areas where rice is suitable today and projected as suitable in the future. Farmers should renovate their farms, improve nutrient management, and manage pests and diseases to increase yields. These favorable regions should also improve their rice production infrastructure and value chain. Efforts should be made to intensify rice production, improving incomes for farmers and the health of the rice sector in general. These improvements can respond to new difficulties facing rice production in less favored areas.
Farmers can improve current practices in areas where future conditions for rice production are expected to improve, increasing yields and sustainability. Efforts should focus on practices and policies that guide sustainable production, reduce deterioration of native habitat, and provide water environmental services. The expected changes in individual climate variables described above could be mitigated through improved management, as well as new rice varieties.
Comparison with previous studies
The results of this study compare favorably with the previous global studies on the potential impacts of climate change on rice production (Ramankutty et al. 2002; Lane and Jarvis 2007; Zabel et al. 2014) . While the Ramankutty et al.'s (2002) study does not specifically focus on rice, it did project suitability losses for northern South America, including Colombia. Lane and Jarvis (2007) also projected similar suitability losses using the Ecocrop model, although the patterns differ somewhat from those found in this study. Similarly, our projections agree with projected reductions in suitability from the Zabel et al. (2014) study, despite the use of different climate scenarios, different modeling methods (diffuse logic versus Maxent) and different calibration data (general global data versus country-specific). Both studies agree that areas of low or no suitability correspond to mountainous areas and forested zones. Also, both studies agree on areas of medium and high suitability, such as the Cauca and Magdalena valleys, the Caribbean coast, and the region surrounding the Santa Marta highlands. However, the two studies disagree on the suitability of the Piedmont region at the foot of the Eastern Cordillera, where Zabel et al. (2014) predict medium suitability and this study predicts low suitability. Calibrated to local conditions, the present study uses much more detailed information on rice distribution and model inputs. The two studies also use different time frames for their analysis. However, both studies conclude that overall rice area suitability will likely decrease in Colombia.
Comparison between biophysical-alone and combined biophysical and socioeconomic models
The original model based on climatic, soils, and topographic variables showed very little difference compared to the model that included accessibility, population density, and rice production. This modeling check gives us confidence that the changes in socioeconomic conditions in the future, which would be difficult if not impossible to project, are largely independent of the expected extent of future rice suitability.
Conclusions and recommendations
The analysis and method used in this study differentiated suitability of current rice production and changes in suitability into the future. The method permitted the incorporation of a range of climate and soil data. Our evaluation of the model showed that it performed well, even though data such as solar radiation and socioeconomic variables were unavailable for the study. The modeling results suggest an overall reduction in suitability for irrigated rice cultivation in Colombia. Changes in suitability are in general negative in the lowest lying regions of the country, improving as elevation increases. This result suggests that while large countries in temperate zones can shift production toward higher latitudes, countries like Colombia may need to shift production to higher elevations.
Many areas of high suitability show low or no harvested area, limiting the strength of the relationship between suitability and crop presence. The coincidence of other more profitable crops in areas that are suitable for irrigated rice may explain this result. For example, the wellestablished sugarcane industry in the upper Cauca basin dominates an area that is suitable for rice.
The study suggested that changes in some key climate variables may negatively affect rice production in Colombia. More detailed future work could use more sophisticated models, such as mechanistic crop models that could isolate the ways in which environmental stress affects rice plants. These types of models could be useful for suggesting alternative rice varieties or specific management practices that are best adapted to changing environmental conditions. The study suggested several implications for rice production and the rice industry in Colombia. Areas that are projected to be less suitable for rice may need to switch to other crops or otherwise develop new livelihood strategies. In other areas where rice production is projected to thrive, land-use changes need to be considered carefully in the light of sustainability and profitability. Food security and food sovereignty issues may also be important considerations in land-use planning in these regions. Planning efforts will require more research on the economic and social aspects of agricultural production in the country. Fig. 9 List of 32 global climate models used for projection scenario RCP 8.5 
